Successive Alteration and Recovery of Epidermal Differentiation and Morphogenesis after Specific UVB-Damages in Skin Reconstructedin Vitro  by Bernerd, Françoise & Asselineau, Daniel
DEVELOPMENTAL BIOLOGY 183, 123±138 (1997)
ARTICLE NO. DB968465
Successive Alteration and Recovery of Epidermal
Differentiation and Morphogenesis after Speci®c
UVB-Damages in Skin Reconstructed in Vitro
FrancËoise Bernerd1 and Daniel Asselineau
L'OreÂal, Life Sciences Research, Centre C. Zviak, 90 rue du GeÂneÂral Roguet,
92583 Clichy, France
The sequence of events affecting skin morphogenesis occurring after a single exposure to UVB was investigated on a model
of human skin reconstructed in vitro. The biologically ef®cient dose (BED) able to induce the early UVB-DNA damages
such as pyrimidine dimers, sunburn cells, and apoptotic keratinocytes was determined as 50 mJ/cm2. The subsequent
changes induced during a period of 14 days following irradiation were analyzed. Up to Day 3, an epidermal disorganization
led to a parakeratotic epidermis characterized by nucleated horny layers, as well as the down regulation of major markers
of keratinocyte differentiation such as keratin 10, loricrin, ®laggrin, and the keratinocyte transglutaminase (type I). On the
contrary, the expression of involucrin and spr1 seemed to be unaffected, indicating distinct responses to UVB of proteins
involved in keratinocyte differentiation. A progressive regeneration of normal epidermal morphogenesis begins from Day
4 leading to the normalization of keratinocyte differentiation at Day 10 to 14. In parallel, epidermal proliferation was
increased. Taken together, these ®ndings show that in skin reconstructed in vitro, UVB exposure leads to major epidermal
developmental changes characterized by (i) an early apoptotic process, (ii) a subsequent down-regulation of speci®c keratino-
cyte differentiation markers, and (iii) the recovery of both the early and delayed effects resulting in normal epidermal
morphogenesis. q 1997 Academic Press
INTRODUCTION Solar UV light can be schematically divided into three
wavelength subtypes, UVC (200±290 nm), UVB (290±320
nm), and UVA (320±400 nm), but short UVC wavelengthsA major role of skin and especially epidermis is to protect
do not reach the surface of earth. The role of UVB portionthe body against external environmental aggressions. To
has been well demonstrated in adverse UV effects on skinperform this protective function normal morphogenesis and
even though recent studies indicate that UVA radiationscomplete differentiation of keratinocyte are both required
may also participate (Drobetsky et al., 1995; Lavker et al.,to form a full thickness epidermis. Several steps participate
1995). The short term response, i.e., the sunburn reactionin this process during which speci®c proteins are synthe-
induced by UVB exposure, is well characterized clinicallysized (Fuchs, 1990; Steven and Steinert, 1994), such as epi-
by erythema, and histologically by the formation in thedermal differentiation-speci®c keratins K1/K10 (Byrne et
epidermis, 24 hr after irradiation, of sunburn cells (SBC)al., 1994) or proteins involved in the latter stages of differen-
(Young, 1987). From a morphological as well as biochemicaltiation (®laggrin, loricrin, involucrin, spr proteins, epider-
point of view SBC are considered to be apoptotic keratino-mal transglutaminase) (Steinert and Marekov, 1995).
cytes (Maytin et al., 1994; Weedon et al., 1979), in order toChanges in the equilibrium state of the epidermis during
eliminate strongly damaged cells. In fact, nucleic acids aretransformation, hyperproliferation, or in response to stimuli
major chromophores of UVB light and some DNA lesionssuch as growth factors or hormones, alter this keratinocyte
are considered as markers of UVB exposure, especially,differentiation pathway (Asselineau and Darmon, 1995;
cyclobutane pyrimidine dimers (CPD) and pyrimidine-6-4-Hohl, 1993; Jiang et al., 1993).
pyrimidone photoproducts (Eller, 1995; Freeman et al.,
1989; Ross and Carter, 1991). These damages are normally
repaired via different specialized enzymatic systems but the1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 33-47-56-78-88. absence or the impairement of DNA repair may lead to
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mutagenesis (Elmets, 1992; Hanawalt, 1995), resulting after course of events as well as the use of accurately calibrated
UV sources are often lacking.cumulative UV irradiations, in skin photocarcinogenesis.
In the study presented here, using skin reconstructed inEvidence for the role of UV exposure in the development
vitro, we investigated the time course of molecular andof epithelioma derived from the analysis of skin cancers
cellular events that occur after a single minimal dose ofin Xeroderma pigmentosum patients, a UV-hypersensibility
UVB inducing measurable DNA damages, such as the for-genetic disease associated with de®ciencies in DNA repair
mation of pyrimidine dimers, sunburn cells, and apoptotic(Dumaz et al., 1993). Another important long term effect
keratinocytes. Moreover, similar early events could be in-of cumulative sun exposure is skin photoaging (Gilchrest,
duced by the same dose of UVB in normal human skin ex1989). Photoaged skin shows the most obvious damages in
vivo. The use of reconstructed skin allowed a detailed ki-the dermal compartment with marked modi®cations of the
netic study of the consequences of these early effects on theextracellular matrix, especially the elastic tissue (Gilchrest,
global architecture, the proliferation, and the differentiation1989; Lavker, 1995), resulting in the so-called ``solar
program of the skin. We demonstrated that UVB-inducedelastosis.''
DNA damage was concomitant to alterations of epidermalEven though data concerning the induction by UVB expo-
differentiation and increased proliferation. Speci®c markerssure of early genes such as oncogenes (Brunet and Giaco-
of epidermal keratinocyte differentiation such as keratinmoni, 1990; Garmyn et al., 1991) or p53 tumor supressor
10, loricrin, ®laggrin, or epidermal transglutaminase weregene (Hall et al., 1993; Healy et al., 1994), as well as cyto-
repressed. In parallel, an abnormal parakeratotic horny layerkines such as IL1, TNFa, or IL10 (Schwarz and Luger, 1989;
was formed. Interestingly, the epidermal differentiation pro-Grewe et al., 1995), only a few data are available concerning
gressively regenerated and returned to its normal aspectthe incidence of UVB exposure on epidermis, especially
within 10 to 14 days.with regard to epidermal morphogenesis, differentiation,
and tissue homeostasis. In vivo, suprabasal keratins K1/K10
mRNAs and spr 1 proteins have been shown to be altered
MATERIAL AND METHODSshortly after UVB irradiation (Smith and Rees, 1994; Yaar
et al., 1995).
For both ethical and technical reasons (large number of Tissue Culture
samples are necessary) it is, however, not possible to
Skin samples, keratinocyte, and ®broblast cultures. Normalachieve long term studies of the effects of UVB on human
human skin was obtained from plastic mammary reduction. Hu-
volunteers. Animal models such as the mouse model are man epidermal keratinocytes were obtained and cultured as de-
thus often preferred but it is worth knowing that the mouse scribed by Rheinwald and Green (1975) on a feeder layer of Swiss
skin differs strongly from the human skin by several param- 3T3 ®broblasts. Human dermal ®broblasts were isolated after
eters, such as the epidermal thickness, which could be im- spreading from mammary skin explants prepared for isolation of
epidermal keratinocytes.portant with respect to penetration of UV radiations. On
Skin cultures. For some control experiments, pieces of humanthe other hand, cellular models using classical cell cultures
skin isolated from fresh samples as described above were main-performed on plastic are limited in terms of three-dimen-
tained in culture at the air± liquid interface (ex vivo) during 24 hrsional tissue organization and thus impede the study of
exactly as performed for reconstructed skin (see below).
most aspects of the terminal epidermal differentiation. Reconstructed skin in vitro (Asselineau et al., 1985). Dermal
We have previously demonstrated that human epidermis equivalents (lattices) were prepared as described in detail pre-
reconstructed in vitro on a dermal equivalent (®broblast- viously, except that we used a human adult dermal ®broblast strain
contracted gel matrix) can be considered as a model of epi- (FMD cells) isolated from a 16-year-old person as mentioned above.
After contraction of the lattice, adult human keratinocytes weredermal development in terms of strati®cation and differen-
seeded on the lattice and kept submerged for 7 days allowing thetiation, as attested by the expression of normal differentia-
cells to form a monolayer. The culture was then raised at the air±tion markers and formation of horny layers (Asselineau et
liquid interface and kept 1 week to allow the keratinocytes toal., 1985; 1989). In this in vitro model the cells are derived
stratify and differentiate completely.
from normal human skin of adult subjects. Interestingly,
they retain their ability to respond to hormones and/or phar-
macological agents, as shown for retinoids (Asselineau et Irradiation Source and Procedure
al., 1989; Magnaldo et al., 1992) or vitamin D3 (ReÂgnier and
UVB irradiations were performed using Philips TL20W/12 ¯uo-Darmon, 1991). Very little is known, however, concerning
rescent tubes. The wavelength spectrum was carefully checkedthe effects of UV radiations in organotypic cultures. Studies
with an ORIEL Instaspec IV spectroradiometer. The wavelengthsgenerally focussed on one particular end point such as mela-
shorter than 290 nm were removed using a Kodacel ®lter. Thenin synthesis (Archambault et al., 1995), cytotoxicity and
irradiance measured with an OSRAM Centra dosimeter equiped
its relationship with the release of interleukine 1 (Nelson with a Osram UVB probe was 0.250 mW/cm2 at 20 cm from the
and Gay, 1993), DNA synthesis (Harriger and Hull, 1994), source.
or the use of UV light as an inducer of apoptosis (Haake Freshly isolated normal human skin was cut into pieces of about
1 cm2 before being exposed to the UVB source and then maintainedand Polakowska, 1995). Dose responses, complete time
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in culture at 377C, 5% CO2, for a maximum of 24 hr, at the air± TUNEL Method
liquid interface.
TdT-mediated dUTP nick end labeling (TUNEL) reaction wasReconstructed skins on gridswere irradiated without medium, after
carried out using the In Situ Cell Death Detection kit (Boehringerbeing transferred into new dishes. After irradiation fresh medium was
Mannheim, Germany) on 4% formaldehyde ®xed frozen sections.added to the culture up to the level of the grid. Reconstructed skins
The kit uses ¯uorescein-dUTP to label DNA strand breaks. Thiswere routinely incubated 1 hr at 377C in a medium containing 0.1
allows the detection of TUNEL-positive cells directly after the en-mg/ml bromodeoxyuridine (Boehringer Mannheim, Germany) before
zymatic reaction by ¯uorescence microscopy or after an ampli®ca-being ®xed for histology or frozen in liquid nitrogen.
tion reaction using a secondary anti-¯uorescein antibody conju-
gated with peroxidase. In this latter case the TUNEL-positive cells
are visualized using a light microscope after incubation of sectionsHistology
with a chromogenic substrate. Positive controls were performed by
treating slides prior to ®xation with DNAse I grade II (BoehringerSamples were ®xed in 10% neutral formalin and treated for his-
Mannheim, Germany) at 100 ng/ml in DNA-ase I buffer (10 mMtology. Paraf®n sections were stained with hematoxylin, eosin, saf-
Tris±HCl, 10 mM NaCl, 5 mM MgCl2, 0.1 mM CaCl2, 25 mMfron. Nuclear staining was performed by the Feulgen technique.
KCl) at 377C for 10 min. In negative controls the TdT enzyme was
omitted.
Immunostainings
Antibodies. Mouse monoclonal antibodies (Mab) were against Probes Used in mRNA Analysis
human keratin 10 (RKSE 60, Sanbio Laboratories), bromodeoxyuri-
dine (Boehringer Mannheim, Germany), human ®laggrin (Biomedi- The cDNA probe for keratin 10 corresponds to the cDNA clone
cal Technologies Inc., U.S.A.), thymine dimers (H3) (Dr. Roza, initially isolated and characterized by Darmon et al. (1987). This
Netherlands) (Roza et al., 1988), proliferating cell nuclear antigen cDNA was then subcloned into the PstI site of the pBluescript /
(PCNA) (PC10, Dako, Denmark), human keratinocyte transglutam- vector (Stratagene, U.S.A.). Constructs were checked as described
inase (Biomedical Technologies Inc., U.S.A.), human vimentin (Mo- (Bernerd et al., 1992). The loricrin cDNA probe corresponds to 280
nosan, The Netherlands). Rabbit polyclonal antibodies were against bp of the 3* noncoding region, subcloned in pBluescript / vector
human involucrin (Biomedical Technologies Inc., U.S.A.), human into the KpnI site (Magnaldo et al., 1992). Glyceraldehyde-3-phos-
loricrin (Dr. Magnaldo, France) (Magnaldo et al., 1992), human spr1 phate dehydrogenase (GAPDH) cDNA probe was used as a reference
protein (Dr. Kartasova, U.S.A.). Fluorescein isothiocyanate (FITC)- to control the amount of RNA loading on the gel. Keratin 17 cDNA
conjugate rabbit anti-mouse immunoglobulins or FITC-conjugate probe was generated by RT-PCR using 5 mg of total RNA obtained
swine anti-rabbit immunoglobulins (Dako, Denmark) were used as from normal human keratinocytes cultured on plastic and reverse
second antibodies. transcribed using M-MLV reverse transcriptase (Gibco-BRL). cDNA
Procedures. Samples were embedded in Tissue Tek (Miles, were ampli®ed using primers for human keratin 17 (Troyanovsky
U.S.A.) and frozen in liquid nitrogen. Vertical cryosections (5 mm) et al., 1992) as follows: forward 5* TTTGAATTCCAGGACACA-
were prepared for immunohistochemistry. Immunolabeling keratin CTGGATCAGAATC 3*, reverse 5* TTTAAGCTTTCATCAGGC-
10, loricrin, keratinocyte transglutaminase, vimentin, ®laggrin, and AAGGAAGCATGGG 3* allowing to amplify a 486-bp fragment.
spr1 proteins were performed on air-dried sections, rinsed in phos- PCR was performed with Amplitaq DNA Polymerase (Perkin±El-
phate buffer saline (PBS) (Biomerieux Laboratories, France), and in- mer, U.S.A.). Involucrin cDNA probe corresponds to a 698-bp 3*
cubated at room temperature for 30 min with the ®rst antibody, portion of the involucrin gene, generously provided by H. Green
rinsed with PBS, incubated with the second conjugated antibody (Eckert and Green, 1986). Inserts and PCR products were puri®ed
for 30 min, washed, and mounted in 90% glycerol in PBS containing by electroelution (Sambrook et al., 1989).
5 mM p-phenylenediamine, before being observed under a ¯uores-
cence microscope. Detection of thymine dimers was carried out
according to Roza et al. (1991) as follows. Sections were ®xed in RNA Preparation and Northern Blotting
methanol:acetic acid (3/1) 5 min at 47C, denaturated with NaOH
0.07 N in 70% ethanol, rinsed in TBS buffer (20 mM Tris±HCl, pH Total RNA was extracted from reconstructed skin after separa-
tion of the epidermis from the dermis (dermal equivalent) to obtain7.4, in 150 mM NaCl) partially digested with proteinase K (1 mg/
ml) in 20 mM Tris±HCl, 2 mM CaCl2 , pH 7.4, 10 min at 377C. separate preparations of ®broblasts and keratinocytes RNAs, using
the guanidinium thiocyanate-phenol-chlororform extraction proto-After a brief wash in TBS, sections were incubated for 30 min in
TBS, 1% fetal calf serum, then incubated with Mab H3 against col (Chomczynski and Sacchi, 1987). Total RNAs (20 mg) were
loaded on a 1.1 M formaldehyde±1% agarose gel and checked bythymine dimers for 60 min at room temperature, washed in TBS,
and incubated with the mouse FITC conjugate as described pre- ethidium bromide staining. Capillarity transfer was performed
overnight according to Sambrook et al. (1989). Puri®ed inserts wereviously. For PCNA staining, sections were ®xed in 4% formalde-
hyde for 2 min at room temperature, dipped in 100% ethanol, and labeled at 8.105 cpm/mg with [a-32P]dATP by random priming
(Boehringer Mannheim, Germany). Hybridizations were performedrinsed in PBS. Sections receiving Mab to PCNA were incubated for
45 min at room temperature and rinsed in PBS. Visualization was as described (Magnaldo et al., 1995) overnight at /657C. Washes
were carried out to a ®nal bath 0.21 SSC (11 SSC  150 mMperformed with the streptavidin biotin method using the LSAB /
kit (Dako, U.S.A.) according to the manufacturer. BrdU immuno- NaCl, 15 mM Trisodium citrate, 2H2O), 0.1% SDS (sodium dodecyl
sulfate) at /657C. Autoradiographies were performed at 0807C instaining was performed on methanol-®xed sections treated for 60
min at 377C with HCl 2 N to denature DNA and then for 10 min the presence of intensifying screens. Autoradiographies were ana-
lyzed by densitometry using a Vilbert Lourmat image analyzerin borate buffer 0.1 M, pH 8.5. Nuclear counterstaining using pro-
pidium iodide was carried out if necessary. equipped with the Bio 1D program (BioPro®l, France).
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Estimation of Epidermal Proliferation dent (Fig. 1). Apoptotic keratinocytes were revealed by the
TUNEL reaction (Fig. 1). Independently to UVB irradiation,
The number of positive cells labeled with anti-BrdU and anti-
rare TUNEL-positive nuclei could be observed in the upper-PCNA antibodies was determined. Mitotic keratinocytes were
most layers of the epidermis and correspond to the latestidenti®ed on Feulgen-stained sections. Results were obtained by
stages of normal keratinocyte differentiation, assimilatedthe ratio of positive cells to the total number of basal cells. Data
to apoptosis (Gavrieli et al., 1992). In the deeper epidermalwere expressed as mean percentage { SEM.
layers TUNEL-positive keratinocytes were detected only in
irradiated samples. Their density and their localization
were well correlated with SBC (Fig. 1).RESULTS
To evaluate the DNA damage induced by UVB irradiation
on ex vivo normal skin, immunostainings were performedDetermination of the Biologically Ef®cient Dose
using the H3 antibody which recognizes pyrimidine dimers(BED)
(Roza et al., 1988). In sham-irradiated samples no staining
Our aim was to mimic the induction of a moderate sun- was observed while immediately after UVB irradiation all
burn with UVB exposure. The use of the Kodacel ®lter guar- the epidermal nuclei were positive (Figs. 2A±2D). Twenty-
anteed the absence of wavelengths below 290 nm. In the four hours later, pyrimidine dimers were no longer observed
absence of vasculature, the UVB-erythema induced in vivo in basal keratinocytes but persisted in nuclei of keratino-
cannot be reproduced in vitro to calculate the Minimal Ery- cytes located in the upper suprabasal and granular layers
themal Dose (MED). We therefore determined a Biologically (Figs. 2E and 2F). The staining intensity decreased from the
Ef®cient Dose (BED) of UVB, able to induce a response with- most external nuclei to the deepest nuclei in epidermis.
out too much cytotoxicity. We found a BED around 50 mJ/ Reconstructed skin in vitro. Nonirradiated recon-
cm2. In reconstructed skin, doses higher than 100 mJ/cm2 structed skin shows morphological characteristics of a well
produced necrosis of the tissue particularly evident 3 to 4 strati®ed and fully differentiated epidermis displaying a nor-
days after the irradiation (data not shown). mal (orthokeratotic) horny layer (Asselineau et al., 1989)
Before undertaking the kinetic study of UVB-induced (Fig. 3A). Dose-responses of UVB revealed that 50 to 60 mJ/
events on skin reconstructed in vitro, it seemed important cm2 correspond to the BED. At 50 mJ/cm2, early effects of
to validate the early effects with regard to the in vivo situa- UVB exposure were found identical in the reconstructed
tion. This was possible by using human skin explants main- skin to those described above in the ex vivo skin system.
tained in organotypic culture as a control. However, this After 6 hr, cells resembling SBC could be detected just above
kind of experiment could be envisaged only during a short the basal layer (Fig. 3C). They are likely to correspond to
time, not exceeding 24 hr, a time interval during which parabasal cells, which are cells just entering the suprabasal
epidermal morphology and differentiation are not altered compartment (Bernerd et al., 1992). TUNEL staining re-
(D. Asselineau and M. Darmon, unpublished observations). vealed apoptotic keratinocytes in the same localization (Fig.
3D). After 24 hr, the morphology of reconstructed epidermis
was altered and the granular layer was dif®cult to identify.Early DNA Damage Events Induced by UVB Are
Typical SBC were localized in the suprabasal layers of theSimilar in Human Skin ex Vivo and in Skin
epidermis (Fig. 3E), where TUNEL-positive keratinocytesReconstructed in Vitro
were also found (Fig. 3F).
Pyrimidine dimers formation was followed using the H3Human skin. Sham-irradiated human skin explants
maintained up to 24 hr in culture showed a normal mor- monoclonal antibody (Fig. 4). No staining was detected in
the control skin while all keratinocyte nuclei were positivephology (Fig. 1A). Histological observations of normal hu-
man skin samples taken either immediately, or 1, 4, 6, and immediately after UVB exposure (Figs. 4A and 4B). After
24 hr, pyrimidine dimers only remained in the suprabasal24 hr after UVB irradiation showed time- and dose-depen-
dent UV effects. The intensity of the effects described below compartment (Fig. 4C). At Day 2 to 3 after UVB exposure,
positive nuclei with H3 antibody were restricted in the para-gradually increased from 50 to 100 mJ/cm2.
No major histological changes could be observed before keratotic horny layer (Fig. 4D). They totally disappeared at
Day 4.6 hr after irradiation. At that time, a few keratinocytes local-
ized deeply in the epidermis appeared with an eosinophilic
cytoplasm and a nucleus denser than control cells. Clear
Subsequent Changes Induced by UVB Irradiationhistological effects were detectable after a 24-hr period,
Alter Temporarily Keratinocyte Differentiationwhen the classical sun burn cell (SBC) features were de-
tected (Fig. 1). These cells were histologically identi®ed by Histology (Fig. 5). Thirty-six hours after irradiation the
epidermis in reconstructed skin was still disorganized anda round shape, a loss of connections with the surrounding
keratinocytes, a suprabasal localization, a typical eosino- the number of viable cell layers seemed to be reduced. At
that time, SBC were identi®ed just underneath the hornyphilic cytoplasm surrounding a dense and contracted nu-
cleus (Young, 1987; Weedon, 1979). The number of such layer (Fig. 5B), suggesting a migration toward the horny
layer. No SBC were detected in the subsequent times afterSBC observed after UVB irradiation was clearly dose depen-
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FIG. 1. Normal human skin irradiated ex vivo, observed 24 hr after UVB exposure. (A, C, E, G) Classical histology. (B, D, F, H±J) TUNEL
reaction. (A, B) 0 mJ/cm2; (C, D) 50 mJ/cm2 (Biological Ef®cient Dose); (E, F) 75 mJ/cm2; (G, H) 100 mJ/cm2. (I) DNAse I-treated sample,
positive control of TUNEL reaction. (J) Negative control of TUNEL reaction. Arrowheads indicate the basement membrane zone. Note a
dose-dependent formation of sunburn cells and apoptotic keratinocytes (arrows). Bar, 25 mm.
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the distribution of typical markers of keratinocyte differen-
tiation was studied.
Keratin 10 (K10), an early marker of the epidermal kera-
tinocyte differentiation, is expressed in epidermis recon-
structed in vitro, in the suprabasal compartment (Asseli-
neau and Darmon, 1995) (Fig. 6A). UVB irradiation led to a
progressive but complete disappearance of K10-positive
cells around Day 2 to 3 (Fig. 6C). By Day 4 to Day 14, K10
clearly and progressively reappeared in suprabasal keratino-
cytes, when the staining pattern was similar to that of con-
trol sham-irradiated skin of the same age (Figs. 6E, 6G, and
6I). Northern blot analysis showed that K10 mRNAs were
also drastically decreased during the 3 days that follow irra-
diation (Fig. 7).
Among the markers of terminal differentiation of epider-
mal keratinocyte, loricrin, pro®laggrin (major components
of keratohyalin granules), involucrin, spr1 proteins, and ker-
atinocyte transglutaminase type I represent major proteins,
involved in the formation of corni®ed envelopes (Reichert
et al., 1993). Schematically, loricrin, involucrin, spr1, and
keratinocyte transglutaminase are distributed at the periph-
eral zone of the granular cell, while pro®laggrin is mainly
contained in the cytoplasmic keratohyalin granules, in nor-
mal human epidermis but also in skin reconstructed in vitro
(Asselineau et al., 1989; Magnaldo et al., 1992).
Two types of response to UVB irradiation were obtained
with regard to the markers chosen. First, loricrin (Fig. 6),
®laggrin (Fig. 8), and transglutaminase type I (Fig. 8) were
repressed or even suppressed 2 to 3 days after the irradiation,
as attested by their respective immunostaining patterns. In
addition, absence of speci®c ®laggrin immunostaining in
the viable epidermis was well correlated to histological
agranulosis. Transglutaminase type I immunolabeling was
FIG. 2. Detection of CPD by immunolabeling using H3 mono- signi®cantly decreased but not completely suppressed. Fi-
clonal antibody on normal human skin irradiated ex vivo. Samples laggrin and transglutaminase type I stainings reappeared
A and B were sham irradiated. Other samples were taken immedi- progressively at Day 4 and became normal after 10 to 14
ately (C, D) or 24 hr (E, F) after 50 mJ/cm2 UVB. (A, C, E) Staining days (Fig. 8). Loricrin could no longer be detected 3 days
of all nuclei with propidium iodide. (B, D, F) H3 immunolabeling
after UVB irradiation. Northern blot analysis also showedof the same ®eld. Basement membrane zone is indicated with white
a drastic decrease of loricrin mRNAs (Fig. 7). Unlike ®lag-dots. Note that immediately after UVB exposure all epidermal nu-
grin or transglutaminase type I, loricrin started to normalizeclei are H3 positive while 24 hr later, the remaining dimers are
later, around Day 7 (Fig. 6H).located in the upper layers of epidermis. Bar, 25 mm.
Involucrin and spr1 proteins, other proteins involved in
terminal keratinocyte differentiation, were not signi®cantly
modi®ed by UVB exposure as shown on immunolabeled
sections (Fig. 9). Northern blot analysis of involucrinirradiation. Two days after UVB exposure an abnormal
mRNAs did not reveal additional modi®cations (Fig. 10).horny layer was formed, characterized by parakeratotic cells
Northern blot analysis of spr1 mRNAs showed a slight in-with the remaining nuclei (Fig. 5C). From Day 3 to Day 7,
crease after 24 hr followed by a normalization (data notthe viable epidermis seemed to regenerate and the paraker-
shown).atosis progressively disappeared (Figs. 5D±5F). The number
Keratin 17 (K17) has been evoked as a ``potential'' epider-of cell layers in the viable compartment increased, the kera-
mal marker of UV irradiation (Kartasova et al., 1987). Cul-tohyalin granules reappeared, and the organization im-
tured epidermal keratinocytes revealed the presence of largeproved. Ten to fourteen days were required to recover the
amounts of K17 polypeptides by means of immuno¯uores-normal appearance of epidermis compared to a nonirradi-
cence. We therefore rather studied K17 mRNAs (Fig. 11).ated skin of the same age (Figs. 5G and 5H).
The amount of K17 mRNAs was in fact increased 24 to 48Keratinocyte differentiation markers. In order to better
analyze the sequence of events that are induced by UVB, hr after the irradiation, but normalized at 72 hr.
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FIG. 3. Histology and TUNEL reaction of reconstructed skin in vitro after UVB exposure. (A, C, E) Histology. (B, D, F±H) TUNEL
reaction. Samples were sham irradiated (A, B) or taken 6 hr (C, D) and 24 hr (E, F) after UVB irradiation (50 mJ/cm2). (G) Negative control
of TUNEL reaction; (H) positive control of TUNEL reaction. White dots show the basement membrane zone. Sunburn cells are shown
by black arrows and apoptotic keratinocytes by white arrows. Note that cells closely resembling SBC as well as apoptotic keratinocytes
are observed just above the basal layer 6 hr after UVB exposure. Classical SBC and apoptotic keratinocytes are present in the suprabasal
compartment at 24 hr. Bar, 25 mm.
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FIG. 4. Detection of CPD using H3 monoclonal antibody on reconstructed skin in vitro. Sample A was sham irradiated. Other samples
were taken immediately (B), 24 hr (C), or 3 days (D) after UVB irradiation (50 mJ/cm2). Dot lines indicate the basement membrane zone.
White arrows localized H3-positive nuclei in parakeratotic horny layer identi®ed by a bracket, at Day 3. Bar, 25 mm.
Increased Proliferation Rates Precedes DISCUSSION
Normalization of the Epidermal Differentiation
Our study shows that skin reconstructed in vitro allowsThe proliferation rates of keratinocytes in the epidermis
us to reproduce very precisely in a time- and dose-dependentafter UVB irradiation was assessed using several markers
manner the main features of the early typical UVB response(Yu et al., 1992), such as BrdU incorporation, PCNA-immu-
seen in normal human skin in vivo, such as SBC and pyrimi-nolabeling, and by counting the number of keratinocytes
dine dimers formation. These short term effects observedshowing mitotic features recognized on histological sec-
here both in freshly isolated normal human skin ex vivotions by Feulgen staining of DNA. The results obtained by
and in skin reconstructed in vitro were found qualitativelythese three different approaches show a clear increase in
and quantitatively similar and in agreement with studiesthe proliferative activity of epidermal keratinocytes after
performed in vivo (Roza et al., 1991; Young, 1987). ThisUVB treatment (Fig. 12).
validates the use of our in vitro-reconstructed skin system
regarding the responsiveness of the tissue to UVB irradia-
tion. Parameters that characterized the SBC formation wereDermal Markers
extremely close to those previously described (Young, 1987)
such as the dyskeratotic feature and the localization in theUsing both histology and vimentin immunolabeling, the
distribution of dermal ®broblasts and their vimentin stain- deepness of the epidermis at 24 hr. The present study also
shows in UVB-irradiated human tissue a strong correlationing were not modi®ed during the kinetic period previously
analyzed (data not shown). This suggested that the number between TUNEL-positive apoptotic keratinocytes and SBC,
supporting the fact that SBC are likely to correspond toof dermal ®broblasts was not affected by a single UVB irradi-
ation. Immunostaining using antibodies directed against apoptotic keratinocytes. This correlation has been demon-
strated recently in mouse skin (Kane and Maytin, 1995;some matrix proteins like tenascin, elastin, or collagen type
I did not reveal other obvious differences between UVB and Schwartz et al., 1995; Ziegler et al., 1994). Our data show
that UVB-induced epidermal apoptosis can be reproducedsham-irradiated reconstructed skins (data not shown).
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FIG. 5. Kinetic of histological events occuring on reconstructed skin after UVB exposure (50 mJ/cm2). The time after irradiation is indicated
in days after the UVB exposure (Day 1.5 to Day 10) (B±G). (A) Sham-irradiated skin at Day 1.5. (H) Sham-irradiated skin at Day 10. Thin arrows
show the granular layer. Thick arrows point to the sunburn cells. Stars indicate the parakeratotic horny layer. Bar, 25 mm.
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FIG. 7. Northern blot analysis of keratin 10 and loricrin RNAs at
different times after UVB exposure of reconstructed skin. 20 mg of
total RNA were loaded per slot. After electrophoresis on a 1%
agarose-formaldehyde gel and transfer (see Material and Methods),
the membrane was ®rst hybridized with a 32P-labeled keratin 10
probe, striped, and then rehybridized with a loricrin probe. A third
hybridization was also performed using the GAPDH probe, as con-
trol. The time after irradiation (0 or 50 mJ/cm2) is indicated in hours
at the top of the ®gure. The bar graph at the bottom represents the
densitometric analysis of the autoradiographies. Signals obtained
after 0 mJ/cm2 were arbitrarily taken as 100%  1 references (black
bars). The ratio of the values obtained after UVB irradiation to the
references have been calculated for keratin 10 (striped bars) and for
loricrin (dotted bars). All the values were corrected using the
GAPDH signal to normalize the amount of RNAs on the mem-
brane. Note the decrease of keratin 10 mRNAs and loricrin mRNAs
after UVB irradiation. The apparent difference in size between 0
and 50 mJ/cm2 at 24 hr is due to a migration problem in the gel,
seen using ethidium bromide staining (not shown).
in an in vitro system in which circulating mediators are
absent, thus con®rming and completing the work of Haake
and Polakowska (1995). We also identi®ed SBC-like and apo-
ptotic keratinocytes deeper in the epidermis at 6 hr. These
FIG. 6. Keratin 10 and loricrin immunolabelings on recon- parabasal cells may correspond to SBC formed in the basal
structed skin in vitro after UVB exposure (50 mJ/cm2). (A, C, E, layer, only seen in this particular localization and in migra-
G, I) Keratin 10. (B, D, F, H, J) Loricrin. The time after the UVB tion to the suprabasal compartment. This could argue that
irradiation is indicated in days (d). The basement membrane the apoptotic process is engaged to allow a bene®cial removal
zone is shown with white dotted lines. Note that keratin 10 is
of severely damaged cells thus avoiding mutations potentiallyno longer detected up to Day 2 after UVB exposure but progres-
involved in carcinogenic transformation, especially in thesively reappears and is normalized 14 days later. The loricrin
basal compartment which is the epidermal proliferative layer.immunostaining disappears at Day 2 and Day 4 after irradiation
Indeed UVB-induced DNA lesions were found using the H3and weakly reappears at Day 8. Bar, 25 mm.
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FIG. 9. Immunolabelings of involucrin and spr1 protein on reconstructed skin after UVB irradiation. (A±C) Anti-involucrin. (D ±F) Anti-
spr1 protein. (A, D) Sham-irradiated samples. (B, C, E, F) UVB (50 mJ/cm2)-irradiated skins observed after 2 days (B, E) and 7 days (C, F).
Basement membrane zone is delimited by white dotted lines. No major differences in the immunostainings were seen after UVB irradiation.
Bar, 25 mm.
monoclonal antibody directed against CPD (Roza et al., 1988), mis (Kohen et al., 1995). In other words, the upper level of
epidermis receives more UVB radiations than the deeper layersimmediately after the irradiation in all epidermal cell layers
including the basal layer. Our results obtained in vitro are in leading to fewer lesions in basal keratinocytes. DNA lesions
in the basal epidermal layer would then be eliminated fasteragreement with those described in vivo (Chadwick et al.,
1995; Roza et al., 1991) and gave interesting information re- and more ef®ciently which could additionally be bene®cial
regarding the proliferative activity of these cells. After a longergarding the ``absorption'' of UV light through the epidermal
deepness. In the in vivo studies, partial removal of pyrimidine time following UVB irradiation (3±4 days), the total disappear-
ance of CPD all over the deepness of the epidermis presumablydimers occurred within 24 hr after UVB irradiation, but 40%
of the lesions still persisted at that time (Vink et al., 1991). results from progressive elimination via DNA repair, cell re-
newal in epidermis and desquamation.We also observed a partial removal of CPD 24 hr after UVB
exposure. Remaining CPD were mostly found in the upper As mentioned in the introduction, to perform a normal pro-
tective function, the epidermis has to be normally developedlayers of the epidermis. One explanation to the differences in
remaining CPD between epidermal layers, could be linked to which requires a complete keratinocyte differentiation. Our
study provides here several evidences that both the keratino-the penetration of UVB through the different layers of epider-
FIG. 8. Immunolabelings of ®laggrin and keratinocyte transglutaminase on reconstructed skin after UVB irradiation. (A, C, E, G) Anti-
®laggrin immunostaining. (B, D, F, H) Anti-keratinocyte transglutaminase immunostaining (Tgase I). (A, B) Sham-irradiated skins. The
time after 50 mJ/cm2 UVB irradiation is indicated in days (d2, d4, d8). White dotted lines delineate the basement membrane zone. Bracket
shows the horny layer. Arrow points to the differentiation-speci®c ®laggrin staining, characterized by a granular aspect which corresponds
to keratohyalin granules within the viable epidermis. Note that this speci®c immunolabeling disappeared 2 days after UVB exposure and
is normalized at Day 8. In addition, in irradiated samples the parakeratotic horny layer displays a high nonspeci®c ¯uorescence also seen
when other antibodies are used. The keratinocyte transglutaminase does not disappear totally even though the speci®c staining decreased
at Day 2. Bar, 25 mm.
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epithelium is also formed. This could support the fact that
involucrin is necessary for epidermal strati®cation and differ-
entiation but not suf®cient for complete epidermal keratiniza-
tion, while keratin 10 and loricrin are absolutely required for
terminal differentiation of the tissue.
The spr proteins, initially identi®ed from a cDNA library
obtained from UVB irradiated cultured keratinocytes (Karta-
sova et al., 1988) belong to the precursors of the normal
corni®ed envelope (Gibbs et al., 1993; Marvin et al., 1992).
The three members of the spr family displayed distinct ways
of regulation after UV treatment. While spr2 and spr3 ex-
pressions are stimulated in vitro by UV irradiation, spr1
has been reported not to be induced (Gibbs et al., 1993).
However, in vivo spr1 mRNA have been shown to be in-
creased after UVB (Yaar et al., 1995). In the reconstructed
skin in vitro, spr1 protein was not signi®cantly affected by
a moderate UVB irradiation.
FIG. 10. Northern blot analysis of involucrin mRNAs after UVB In addition, in the reconstructed epidermis we also found
exposure. 20 mg of total RNAs were loaded on a 1% agarose-formal- an increase in K17 mRNAs in response to UVB. Keratin 17
dehyde gel. The membrane was either hybridized simultaneously is not normally expressed in epidermis in vivo at the steady
with both 32P-labeled involucrin and GAPDH probes or one after state (Troyanovsky et al., 1992) but seems to be upregulated
another. The time after UVB exposure is indicated at the top of the
by ultraviolet radiations (Kartasova et al., 1987; Moll et®gure. The involucrin signals were compared between 0 and 50
al., 1994). It is interesting to recall that K17 is a keratinmJ/cm2 as previously detailed in the legend of Fig. 8, using densito-
speci®cally expressed in particular situations in which themetric analysis and normalization with regards to the GAPDH
epidermis is wounded (in¯ammation, wound healing). It issignal. No major differences in involucrin signal were observed
after UVB irradiation. thus tempting to interpret the positive K17 response to UVB
to ensure a speci®c function (resistance/reinforcement).
The alterations of keratinocyte differentiation were nor-
cyte differentiation program and epidermal morphogenesis are
altered after a moderate sunburn-like reaction induced by
UVB. The paired keratins 1 and 10 are both early and major
markers of epidermal differentiation (Byrne et al., 1994;
Schweizer et al., 1984; Woodcock-Mitchell, et al., 1982). Al-
tered epidermal differentiation such as in psoriasis (Bernerd
et al., 1992) or carcinomas (Roop et al., 1988) is usually associ-
ated with delayed or impaired expression of the above kera-
tins. In agreement with Horio et al. (1993), but in contrast to
Smith and Rees (1994), we have observed that the level of
keratin 10 mRNAs and proteins were signi®cantly decreased
after UVB irradiation. We also showed that the expression of
markers of terminal processes of epidermal differentiation
such as loricrin, ®laggrin, and keratinocyte transglutaminase
are signi®cantly repressed by UVB. Alteration of their synthe-
sis is generally associated with abnormal horny layers (Hohl,
1993; Magnaldo et al., 1992; Michel and Juhlin, 1990). We
provide here the ®rst example of altered expression of these
markers by UVB irradiation as well as the formation of a
parakeratotic horny layer. On the contrary, involucrin, also
expressed in differentiated keratinocytes (Watt and Green,
FIG. 11. Northern blot analysis of keratin 17 mRNAs after UVB1982) did not show obvious modi®cation after UVB irradia-
exposure. 20 mg of total RNAs were loaded on a 1% agarose-formal-tion. In other situations such as in psoriasis (Bernerd et al.,
dehyde gel. The membrane was successively hybridized with 32P-1992), in wound healing (Demarchez et al., 1986), or in recon-
labeled keratin 17 and GAPDH probes. The time after UVB irradia-
structed skin treated with retinoic acid (Asselineau et al., tion is indicated at the top of the ®gure. The intensity of keratin
1989) distinct responses between involucrin and other pro- 17 mRNAs signals was analyzed by densitometry, as detailed pre-
teins involved in the terminal differentiation have also been viously and normalized using the GAPDH signal as reference. The
described. Moreover, in some of these situations, keratin 10 intensity of the keratin 17 signal is increased 24 and 48 hr after
UVB irradiation, but returns to the control value at 72 hr.as well as loricrin expression are repressed and a parakeratotic
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and Applegate, 1985). Even though histological features of
hyperplasia are not detected in the skin reconstructed in
vitro, we showed an increased proliferative activity using
classical proliferation indexes such as PCNA and BrdU la-
belings (Hall et al., 1990; Yu et al., 1992) as well as a higher
number of mitotic keratinocytes.
This study therefore shows that after a single moderate
UVB exposure the epidermis of reconstructed skin displays,
in vitro, early typical features related to DNA damages such
as CPD, SBC, or apoptotic keratinocytes, but also major
alterations in the program of keratinocyte differentiation.
Interestingly, epidermal keratinocytes in the reconstructed
skin in vitro also retain their ability to repair the damages
not only at the cellular level in the early response, but also
at the tissue level during the delayed answer. Our data show
that differentiation markers can be differently (positively/
negatively) affected by UVB. Further investigations should
bring additional informations useful in the characterization
of the consequences of solar exposure, especially the role
of UVA wavelengths, in terms of prevention, tissue repair,
and homeostasis.
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FIG. 12. Epidermal proliferation after UVB irradiation in recon-
structed skin in vitro. Sections were observed after BrdU incorpora-
tion, PCNA immunostaining, Feulgen staining (mitosis). Positive
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